PURPOSE. Human and swine retinas have morphological and functional similarities. In the absence of primate models, the swine is an attractive model to study retinal function and disease, with its cone-rich visual streak, our ability to manipulate their genome, and the differences in susceptibility of rod and cone photoreceptors to disease. We characterized the normal development of cone function and its subsequent decline in a P23H rhodopsin transgenic (TgP23H) miniswine model of autosomal dominant RP.
S
pecies can be divided into altricial (helpless) and precocial (freely moving) based on their abilities at birth. Altricial animals, like cats, 1,2 dogs, 3,4 rats, 5-10 rabbits, 11, 12 and mice, 13 are born with closed eyelids that open at approximately 2 weeks of age. 14 Their retinas mature after birth, developing the normal laminar structure and complement of cell classes. 3, 9 Near the end of this maturation process, opsins are expressed by the photoreceptors. Retinal function arises at approximately the time of eye-opening and matures over the next 2 to 3 weeks, 14 as evident with ERG measures. In contrast, precocial animals, like primates, humans, 15 and pigs, are born with mature retinal cell classes and lamination patterns, 16, 17 although changes related to foveal development occur postnatally. In humans, both ERG function 18 and visual perception develop postnatally. 19 The domestic pig (Sus scrofa domesticus) and human retina share other similarities. 15, [20] [21] [22] [23] [24] [25] [26] The swine has a cone-rich visual streak and humans have a highly specialized fovea. [27] [28] [29] In both, these areas correspond to an area with a high density of retinal ganglion cells (RGCs). 29 Swine and humans share a similar spatial distribution of their rod photoreceptors, 25, 26 and their medium-and short-wavelength cone photoreceptors, although humans also have a third cone photoreceptor not found in swine.
To date, our understanding about changes that occur in most retinal diseases comes from work in altricial species, in particular in rodents, because they represent inbred lines, their genome has been easily manipulated, and they have rapid generation time and large litters. These results have been crucial to our understanding of disease progression and mechanism. However, altricial species do not recapitulate human development and aging, and the rodent retina does not contain a cone-rich region. Several similarities in eye and retinal physiology and anatomy, as well as the relatively new ability to manipulate the swine genome, make the pig an increasingly attractive translational model for human retinal disease. 30 For example, they are now used to test retinal implants 31 and transplants, 32 and study retinal capillary disease in diabetic retinopathy, 33 ischemia reperfusion, 23 and material biocompatibility. 24 To create a large animal RP model in which to apply these approaches, we developed and characterized transgenic (Tg) miniature swine with a proline-to-histidine substitution at amino acid residue 23 in rhodopsin (P23H). 34 One of the severely affected TgP23H founders, 53-1, had virtually no rod-driven function at the earliest age tested, 3 months, 34 and cone-driven function that slowly declined and had residual function at approximately 2 years of age. In a companion study, 35 we show that rod photoreceptor morphology is compromised in TgP23H embryos and rod function is absent at postnatal day (P)3. In this study, we also characterized similar F1 hybrid offspring, resulting from a cross of 53-1 to domestic swine. We show that rod function never develops and that despite the absence of rod function, cone function develops similar to Wt up to P30 and then begins a slow decline. Although this is not the common progression of human autosomal dominant P23H RP, changes in early postnatal retinal function occur in some autosomal recessive cases of RP. [36] [37] [38] Our results suggest that this transgenic model of aggressive RP always lacks rod function, but cone function develops similar to Wt and its decline is slow and emulates the decline in many forms of RP. Thus, it may be useful in the development of therapeutic strategies for the preservation of cone function in those diseases.
MATERIALS AND METHODS

Animals
To create large litter sizes with sufficient matched Wt and Tg littermates to study at several time points, Wt domestic (Do) sows were artificially inseminated with sperm from TgP23H 53-1 34 National Institutes of Health (NIH) cc inbred haplotype to create F1 hybrid (DoXcc) swine. A blood sample was taken and DNA isolated at P1 from all offspring and they were genotyped via PCR using reaction conditions and rhodopsin primers described previously. 34 All experimental protocols were approved by the University of Louisville Institutional Animal Care and Use Committee and adhere to the ARVO Statement for Use of Animals in Ophthalmic and Vision Research. Table 1 shows the numbers of Wt and TgP23H pigs used in experiments at each age.
Preparation for ERG Recordings
Preparation for full-field (ff) and multifocal (mf) ERGs in pigs older than P30 have been described previously. 34 Briefly, they were sedated and anesthetized via intravenous (IV) administration of a mixture of ketamine (5 mg/kg), dexmedetomidine (0.02 mg/kg), and atropine (0.025 mg/kg). In piglets younger than P30, isoflurane was administered via a mask placed over the nose and mouth to induce anesthesia. In all pigs, once a stable plane of anesthesia was reached, an IV catheter was placed in the ear vein and used to deliver IV fluids (Lactated Ringers Solution with or without 5% dextrose; 10-15 mL/kg/h), to maintain blood pressure and normal glycemic levels (60-140 mg/dL). Anesthesia was maintained with 1% to 3% isofluorane 39 administered via endotracheal tube for animals older than 14 days and a tight mask for younger piglets. Vital signs (oxygen saturation, respiratory rate, heart rate, and blood pressure) and body temperature were monitored and maintained within the normal range throughout the experiment. Pupils were dilated and accommodation relaxed with topical applications of 2.5% phenylephrine hydrochloride and 1% Tropicamide drops. Adjustable lid speculae were used to keep the eyelids separated.
Full-Field Flash ERG
The procedure for recording and analyzing ffERGs has been previously published. 34 Flashes were produced and responses recorded using a UTAS ERG system with a BigShot Ganzfeld (LKC Technologies, Inc., Gaithersburg, MD, USA) stimulator. The swine's head was placed inside of the ganzfeld bowl and bilateral ERGs recorded using ERG-Jet electrodes (LKC Technologies, Inc.) placed on the cornea. The cornea was kept moist by covering it with hypromellose solution 2.5%. A ground electrode was placed behind the ear and a reference electrode on the midline of the forehead. The stimulus protocol was based on the International Society for Clinical Electrophysiology of Vision standard for clinical ffERG. 40 Briefly, after 20 minutes of darkadaptation, the ffERG was recorded to strobe flash intensities of 0.01 cdÁsÁm À2 with an interstimulus interval (ISI) of 2 seconds (15 samples) to isolate the rod scotopic response. The animal was light adapted for 10 minutes to a 20 cdÁm À2 background and the standard photopic cone ERG response recorded at 3 cdÁsÁm À2 and 0.5 seconds ISI (30 samples). Cone responses were also measured to a 3 cdÁsÁm À2 30-Hz flicker stimulus (30 samples). Individual responses were analyzed and aberrant waveforms rejected before averaging. From the average response, the a-wave was measured from baseline to trough and b-wave from trough to peak. The latency was measured from stimulus onset to a-wave trough or b-wave peak.
Multifocal ERG
The procedure for recording and analyzing mfERGs has been previously published. 34 A FMS III VERIS System (Electrodiagnostic, Inc., Redwood City, CA, USA) was used to record mfERGs in animals of P60 or older. A DTL electrode (Diagnosys, Lowell, MA, USA) was looped around the cornea and covered with a rigid gaspermeable contact lens for the recording. Moisture was maintained with artificial tears (Tears Again; OCuSOFT, Inc., Rosenberg, TX, USA). Reference and ground electrode placement have been described above for ffERGs. To minimize eye movements, a stay suture was placed in the conjunctiva and a retrobulbar block was performed to minimize eye movement during the recording. An unscaled stimulus pattern was centered on the visual streak, 3.68 above the superior edge of the optic disc, which was located in the lower corner (right or left depending on the eye). To ensure that the stimulus position was maintained throughout the recording, an image of the fundus was taken and the position of the optic disc and vessels overlaid on the fundus image and adjusted for any drift. The stimulus covered the entire horizontal extent of the visual streak and consisted of 103 hexagonal elements that flickered on and off and were presented for 7 minutes. The spatial density profile for the photoreceptor response was obtained, as were topographic and response amplitude maps, which were calculated by averaging the individual N1-P1 amplitudes as described previously. 34 Responses in both nasal and temporal retina were recorded and averaged to obtain a single value per eye.
Multielectrode Array Recordings of Spontaneous and Visually Evoked Responses of RGCs
Piglets were anesthetized (described above), killed with a solution of Beuthanasia (1 mL/5 kg), and their eyes were enucleated. The left eye from each animal was processed for standard histology and transmission electron microscopy. The 
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eyecup of the right eye was dissected and the anterior chamber and vitreous removed in oxygenated Ames medium (SigmaAldrich, St. Louis, MO, USA) at 48C. Eyecups were placed in a light tight container (~10 minutes) and the retina was dissected from the pigment epithelium, under dim red light. A piece of the retina (3 3 3 mm) was removed and transferred onto a 200/30iR-Ti-gr 60 electrode multielectrode array (Multi Channel Systems, Reutlingen, Germany), RGC side down. The chamber containing the retina on the array was continuously superfused with oxygenated Ames held at 328C with a PH01 heated perfusion cannula and integrated heating system (Multi Channel Systems).
The retina was held in the recording chamber for 1 hour before recording. Spontaneous spiking activity was recorded in the dark for 30 minutes or more. Full-field, achromatic light flashes (2-second duration/10 presentations/ISI 60s) were presented to evoke a rod-driven response (0.015 lW/cm 2 ). Cone-driven responses were assessed with both 0.15 and 1.5 lW/cm 2 flashes (2-second duration/10 presentations/ISI 60s). RGC spike trains were recorded, stored, and sorted offline. Spikes with amplitudes 6 SDs above baseline noise were isolated for each channel using MC Rack (Multi Channel Systems) and then transferred to Offline Sorter (Plexon, Dallas, Texas, USA), where they were grouped into individual cells, using principal components analysis. Data were imported into Neuroexplorer (Nex Technologies, Madison, AL, USA). Responses to full-field light stimuli were averaged and binned and poststimulus time histograms (PSTHs) created along with raster plots to show responses to individual stimulus presentation. The averaged PSTHs were used to quantify the peak firing rate for each cell.
Tissue Preparation for Morphological Analyses
Piglets were euthanized (described above) at the end of an ERG evaluation, their eyes were enucleated and immersion fixed in 2% paraformaldehyde/2% glutaraldehyde in phosphate (PO 4 ) buffer (0.1 M, pH 7.4) for 24 hours at 48C.
Retinal tissue was dissected and processed as previously described. 35, 41 Briefly, a 3-mm-wide strip of retinal tissue was dissected along the vertical and horizontal meridian to include the optic disc and ora serrata. Retinal tissue was dehydrated in a series of ascending ethanol concentrations and stored overnight at 48C in JB-4 infiltrating solution (Ted Pella, Redding, CA, USA) and then embedded in blocks of JB-4 Plus resin (Ted Pella). Blocks of retinal tissue were cut into 4-lm semithin sections using a Leica EMUC6 Ultramicrotome (Leica Microsystems, Buffalo Grove, IL, USA), stained with 1% cresyl violet (Sigma-Aldrich), covered with a coverslip, and examined at 340 or 3100 using a NIKON EFD-3 Episcopic-Fluorescence microscope (Nikon, Inc., Melville, NY, USA). A Moticam 2500 high-resolution digital camera (Motic, Richmond, British Columbia, Canada) was used to take photomicrographs and brightness and contrast were adjusted using Adobe Photoshop (Adobe Systems, San Jose, CA, USA).
Nuclear Cell Counts
Nuclear profile counts were performed to quantify photoreceptor loss in the outer nuclear layer (ONL) using a previously described technique. 41, 42 Ten adjacent counts of vertical columns of photoreceptor nuclei in the ONL were made at 2-mm increments along the vertical and horizontal meridian, extending from the margin of the optic disc to the ora serrata, in at least five sections per location without knowledge of the genotype. The mean number of photoreceptor nuclei per vertical column in the ONL was calculated for each location. The overall mean number photoreceptor nuclei per vertical column in the ONL were calculated by averaging the mean number of photoreceptor nuclei per vertical column in the ONL across all locations in each eye and for each age.
Transmission Electron Microscopy
Preparation and processing of retinal tissue for examination by transmission electron microscopy has been described previously described. 35, 41 Briefly, a 2 3 2-mm piece of tissue was dissected 5 mm above the superior margin of the optic disc. Retinal tissue was rinsed in buffer, postfixed in 2% osmium tetroxide and 1.5% potassium ferrocyanide in dH 2 O for 2 hours, dehydrated in an ascending series of ethanols, and embedded in Epon-Araldite (Electron Microscopy Sciences, Hatfield, PA, USA). A diamond knife (Micro Star Technologies, Inc., Huntsville, TX, USA) was used to cut ultrathin sections (90 nm) on an ultramicrotome (Ultracut E 701704; ReichertJung, Buffalo, NY, USA). Ultrathin sections of retinal tissue were collected on copper grids and counterstained with 4% methanolic uranyl acetate (Electron Microscopy Sciences). Photoreceptor morphology was examined by electron microscopy using a transmission electron microscope (Model 300; Phillips, Eindhoven, The Netherlands). Photomicrographs were taken with a digital camera (15-megapixel digital camera; Scientific Instruments and Applications, Duluth, GA, USA) and the images processed with Maxim DL Version 5 software (Diffraction Limited, Ottawa, Ontario, Canada). 
Statistical Analyses
Statistical analyses of the ERG data was performed using Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). Unpaired t-tests were used to compare amplitudes of the waveforms and a P value less than or equal to 0.05 was interpreted as being statistically significant from age-matched Wt littermates. For multielectrode array (MEA) data, qualitative measures were calculated in Neuroexplorer (Nex Technologies) and exported to Prism 5 (GraphPad Software, Inc.) for statistical analysis. Data were analyzed using parametric statistics unless otherwise noted. Results were considered significant for a P value of less than or equal to 0.05. For retinal morphometric analyses, we used InStat 3 for Macintosh (GraphPad Software, Inc.).
Counts of the number of photoreceptor nuclei per vertical column in the ONL in Wt versus TgP23H were compared using unpaired t-tests with a P value of less than or equal to 0.05 considered a significant difference. Overall mean number of photoreceptor nuclei per vertical column in the ONL was compared across all ages using one-way ANOVA and post hoc ttests.
RESULTS
Rod Photoreceptor Function Never Develops as a Result of Early Changes in Rod Photoreceptor Number in TgP23H Swine
Wt hybrid swine have scotopic and photopic b-wave responses at P3. 35 TgP23H littermates had similar photopic responses at this age, but they lacked a scotopic b-wave. 35 To discriminate between a delay and a lack of development of a TgP23H hybrid scotopic response, we examined and compared scotopic ffERG responses from age-matched Wt and TgP23H hybrids between P14 and P120. Figures 1A through 1C show that a rod-driven ERG response never develops in the TgP23H retina. In contrast, Wt rod-driven ERG responses mature postnatally and adult b-wave response amplitudes are reached between P30 and P60. Along with the maturation in response amplitude, the scotopic b-wave implicit time also shortens, reaching mature levels at the same stage between P30 and P90 ( Table 2) .
We examined the same TgP23H retinas and found that morphological changes in the outer retina are consistent with this functional defect. Figure 2 shows the significant decline in the number of photoreceptor nuclei from P14 to P120 (t-test, P14 P < 0.001; P30-P120 P < 0.0001). Based on their morphological characteristics, only a single layer of cone nuclei remained in the ONL at P90. The absence of a rod-driven ffERG between P14 and P120, along with the rapid degeneration of rod photoreceptors and our previous observations that a roddriven response was absent at P3, indicates that a scotopic response failed to develop in the TgP23H swine.
Cone Photoreceptor Driven Function Develops Normally Despite the Absence of Rod Photoreceptor Function
In contrast to rod function at P3, we show that cone-driven ERG b-wave responses are similar between Wt and TgP23H hybrid littermates. 35 To define the normal development and decline of this photopic response, we examined and compared photopic ff-and mf-ERG responses of Wt and TgP23H hybrid swine at ages up to P120. Figures 3A and B show that cone driven flash and flicker ffERG responses from Wt and TgP23H littermates were similar up to P30. Thereafter, the Wt response continued to mature, reaching adult response amplitudes between P60 and P90. In contrast, the TgP23H photopic response amplitude plateaus between P30 and P90 and then declines. Both the TgP23H full-field b-wave and flicker response amplitudes are significantly smaller than Wt between P60, P90, and P120 (t-test; P ¼ 0.0025, P ¼ 0.0018, P < 0.0001, respectively).
We recorded mfERGs at age P60 and older. Figure 3C shows representative color response density maps of P60 Wt and TgP23H retinas in and around the visual streak, which is located superior to the optic nerve head (ON). In Wt animals, the n1-p1 mfERG response amplitude ( Fig. 3D ; averaged over the visual streak [see inset]) were relatively stable between P60 and 120, There was a trend in the TgP23H n1-p1 response amplitude to be smaller than Wt, but they differed significantly only at P120 (t-test, P ¼ 0.0199).
We examined the ultrastructural morphology of cone photoreceptors to determine if functional and structural changes could be correlated (Fig. 4) . We found that cone photoreceptor outer segment morphology appeared normal until P60. At P60, TgP23H cone outer segments began to show irregular disc stacking and the onset of outer segment degeneration. By P90, all cone photoreceptors lacked outer segments, although many retained inner segments. By P120, only a few cones retained inner segments but none had identifiable pedicles. Up to P60, TgP23H cones retained triadic profiles and synaptic ribbons. At and after P90 these were absent. The initial decline in retinal function was mirrored by changes in photoreceptor morphology. Although significant morphological changes were found at P120, the retina preserved a relatively robust photopic ERG.
Cone-but Not Rod-Driven Function Is Evident in RGC Visually Evoked Responses
To more selectively evaluate the impact of changes in outer retinal function on the retinal output, we recorded spontaneous and visually evoked responses of Wt and TgP23H RGCs by FIGURE 4 . Abnormalities in TgP23H cone photoreceptor morphology arise at P60. Cone inner and outer segments (black arrows) and cone pedicles (inset: black arrowheads) are normal at P14. At P60 cone outer segments (black arrows) show irregular disc stacking and some loss of outer segment length, whereas triadic profiles appear normal (inset: black arrowheads). By P90, TgP23H cone photoreceptors lack outer segments, and triadic profiles in their pedicles are no longer apparent (black arrowheads). At P120, some TgP23H cones with inner segments remain (white arrows), but do not have pedicles (black arrowheads).
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using an MEA. Similar to RGCs in rodent models of RP, 43 cumulative frequency curves (Fig. 5) show that spontaneous activity levels in TgP23H RGCs were significantly higher than Wt between P14 and P90 (Kolmogorov-Smirnov at every older time point, P < 0.001). This difference resulted from a much larger fraction of TgP23H RGCs with spontaneous firing rates above 2 Hz when compared with Wt. Of the total number of RGCs with spontaneous activity, we determined the percentage of RGCs that also were visually responsive, using a bright full-field photopic stimulus (1.5 lW/ cm 2 ). At every age, the percentage of visually responsive TgP23H RGCs was 50% or less of Wt (Fig. 6A) . Using full-field stimuli at two lower intensities, we also observed changes in the sensitivity between Wt and TgP23H RGCs. Representative average PSTHs (Fig. 6Bi) from a Wt and a TgP23H RGC at P60 to a dim (rod-driven) stimulus (0.015 lW/cm 2 ) illustrate that Wt but not TgP23H RGCs are responsive. This is consistent with the lack of rod-driven responses as seen in the TgP23H ff-ERG. This result is quantified in the histograms to the right (Fig.  6Bii) . All Wt RGCs responded to the intermediate intensity stimulus (0.15 lW/cm 2 ), whereas significantly fewer TgP23H RGCs responded. The remaining TgP23H RGCs responded to the brightest stimulus (1.5 lW/cm 2 ), although this was a much smaller percentage of the total RGCs (Fig. 6A) .
As a final measure of the sensitivity of Wt and TgP23H RGCs, we compared their response peak amplitude to the 0.15 lW/cm 2 full-field stimulus (peak amplitude was corrected for spontaneous firing rates). We chose the intermediate stimulus intensity to reduce the possibility of response saturation in Wt RGCs to the brightest stimulus. Note the scale bar changes between Wt and TgP23H PSTHs. Although the peak amplitude of the response appears larger in Tg swine, this was due to the higher spontaneous activity (see Fig. 5 ). (Bii) Histograms quantify the percentage of Wt and TgP23H RGCs that are responsive to each stimulus intensity. TgP23H RGCs do not respond to the dimmest stimulus, consistent with a lack of rod-driven activity. (C) The average peak amplitude of Wt and TgP23H RGCs to the middle-intensity stimulus (0.15 lW/cm 2 ) increase similarly with age up to P60. There appears to be a decline in TgP23H RGC responses at P90, but this did not differ significantly from Wt.
Once spontaneous activity levels were subtracted from the response, Wt and TgP23H RGCs had similar peak response across most time points (Fig. 6C) . Consistent with the ERG responses, TgP23H RGC peak amplitudes began to decline at P90 but were still not statistically lower than Wt (P90 P ¼ 0.09). Although many TgP23H RGCs become nonresponsive or lose light sensitivity even as early as P14, the visually responsive RGCs that remained had relatively robust responses to photopic stimulation. This represents a conundrum, because the cones that drove this response are grossly abnormal at later ages (>P60).
DISCUSSION
Converging evidence from our measures of retinal function indicate that Wt swine retinal function develops after birth and reaches maturity between P60 and P90. In the Wt swine retina, rod and cone function develop in parallel, although a final maturation step in their cone function, related to the flicker response, may mature later. Humans also exhibit postnatal maturation of retinal function. Infants have smaller ERG amplitudes and longer implicit times than adults, with their a-and b-wave responses maturing systematically with age. 44, 45 This is true for scotopic [46] [47] [48] and photopic 49 responses. The similarities in the development of the function of the Wt swine retina with humans strengthen the swine as a model system in which to study the development of cone responses.
In TgP23H swine, rod photoreceptor dysfunction is present as early as P3. 35 Despite the absence of rod pathway function and significant rod photoreceptor degeneration, the photopic ERG b-wave is normal, indicating that cone photoreceptor and bipolar cell function develop normally up to P30. Although not evident in the ERG results, we found that many TgP23H RGCs were visually nonresponsive as early as P14. This suggests that many cone-mediated RGC responses require an intact rod pathway to develop. Alternatively, there may be RGCs that are extremely insensitive and could not be driven by our brightest available stimulus (1.5 lW/cm 2 ). Some of the hallmarks of RP in the TgP23H pig are similar to the more aggressive rodent models of RP, including the rd1 mouse 50 and some lines of the P23H 51 and S334ter rat. 52 For example, both show morphological changes in rod photoreceptors and declines in rod-driven function. 53, 54 Both show increased spontaneous activity levels and increased numbers of visually nonresponsive RGCs. 43, 55 Although it is easy to explain a loss of visually responsive RGCs, the observation of why spontaneous activity increases remains an active topic of discussion. Some evidence exists that it may be related to reorganization within the retinal circuit and an absence of signaling from the deafferented rod bipolar cells. 56 Taken together, our results paint a consistent picture. This transgenic swine model never develops rod vision, although cone vision develops normally for the first month after birth. The presence of a cone-rich visual streak in swine means that therapies developed in this model to preserve cones and their function are likely to translate more readily into preserving central vision in humans. These approaches might include gene therapy or the administration of trophic factors, such as cone viability factor. 57 Another consequence of the unique aspects of this RP model is that it may be used to address the question of why cones die when the primary insult is to the rods. For example, do cones die as a result of a bystander effect with a transfer of toxicity from degenerating rods to cone, do they die from the removal of a trophic factor provided by the rods, or is cone death related to other factors, such as the collapse of outer retina structure?
